A recommended method has been developed and published by CORESTA, applicable to the quantification of selected carbonyl compounds (acetaldehyde, formaldehyde, acetone, acrolein, methyl ethyl ketone, crotonaldehyde, propionaldehyde and butyraldehyde) in cigarette mainstream smoke. The method involved smoke collection in impinger traps, derivatisation of carbonyls with 2,4-dinitrophenylhydrazine (DNPH), separation of carbonyl hydrazones by reversed phase high performance liquid chromatography and detection by ultra violet or diode array. At the start of the process it was determined that most laboratories participating in the CORESTA Special Analytes Sub-Group (SASG) used a similar method involving such derivatisation and so this was chosen as the basis of the recommended method. Initial joint experiments, specific experiments by single laboratories and ongoing discussions addressed some methodological aspects that needed to be considered before moving to a recommended method. As a first step, a joint experiment by 17 laboratories was carried out in 2009-2010 that investigated three features of the methodology on two reference cigarettes (3R4F and CM6) considered most important by SASG members. These were the volume of the impinger solution (25 or 35 mL); the type of mineral acid (perchloric or phosphoric) used to initiate the derivatisation and the time of derivatisation (5 or 30 min) before terminating the reaction with Trizma TM base. Overall, it was concluded that these studied parameters in the methodology seemed to have little effect on the overall yield data, compared to the underlying variability among laboratories. The 25 mL impinger solutions appeared to give somewhat higher yields, although not with statistically significant differences, than those obtained when using 35 mL solutions. Some laboratories volunteered to carry out other investigations, for example, to confirm the identity of both the Eand Z-isomeric acetaldehyde hydrazone peaks within the chromatogram of smoke carbonyls and to investigate methodology factors influencing the hydrazone isomerisation. The CORESTA recommended method (CRM) was produced through a final collaborative experiment involving 15 laboratories from 11 countries using 7 linear and 8 rotary smoking machines. Some notes are included in the CRM to inform other laboratories that might wish to adopt the method, concerning the main features that need to be well controlled to provide data as robust as possible and to provide similar repeatability and reproducibility data. Statistical evaluations were made according to ISO 5725 recommendations and are included. As expected from previous work on other smoke components, the levels of reproducibility of carbonyl yields among laboratories are much greater than the levels found for "tar", nicotine and carbon monoxide and given in the equivalent ISO standards. When expressing the reproducibility (R) value as a percentage of the mean yield among-laboratories and across all of the studied products, values ranged from 67-125% for formaldehyde; from 24-55% for acetaldehyde; from 41-108% for acetone; from 45-73% for acrolein; 31-75% for propionaldehyde; from 63-140% for crotonaldehyde; from 62-90% for 2-butanone and from 42-58% for butyraldehyde. The lowest "tar" yielding product gave the most variable data. These levels are generally in line with those determined for selected volatiles. [Beitr. Tabakforsch. Int. 25 (2012) 
SUMMARY
A recommended method has been developed and published by CORESTA, applicable to the quantification of selected carbonyl compounds (acetaldehyde, formaldehyde, acetone, acrolein, methyl ethyl ketone, crotonaldehyde, propionaldehyde and butyraldehyde) in cigarette mainstream smoke. The method involved smoke collection in impinger traps, derivatisation of carbonyls with 2,4-dinitrophenylhydrazine (DNPH), separation of carbonyl hydrazones by reversed phase high performance liquid chromatography and detection by ultra violet or diode array. At the start of the process it was determined that most laboratories participating in the CORESTA Special Analytes Sub-Group (SASG) used a similar method involving such derivatisation and so this was chosen as the basis of the recommended method. Initial joint experiments, specific experiments by single laboratories and ongoing discussions addressed some methodological aspects that needed to be considered before moving to a recommended method. As a first step, a joint experiment by 17 laboratories was carried out in 2009-2010 that investigated three features of the methodology on two reference cigarettes (3R4F and CM6) considered most important by SASG members. These were the volume of the impinger solution (25 or 35 mL); the type of mineral acid (perchloric or phosphoric) used to initiate the derivatisation and the time of derivatisation (5 or 30 min) before terminating the reaction with Trizma TM base. Overall, it was concluded that these studied parameters in the methodology seemed to have little effect on the overall yield data, compared to the underlying variability among laboratories. The 25 mL impinger solutions appeared to give somewhat higher yields, although not with statistically significant differences, than those obtained when using 35 mL solutions. Some laboratories volunteered to carry out other investigations, for example, to confirm the identity of both the Eand Z-isomeric acetaldehyde hydrazone peaks within the chromatogram of smoke carbonyls and to investigate methodology factors influencing the hydrazone isomerisation. The CORESTA recommended method (CRM) was produced through a final collaborative experiment involving 15 laboratories from 11 countries using 7 linear and 8 rotary smoking machines. Some notes are included in the CRM to inform other laboratories that might wish to adopt the method, concerning the main features that need to be well controlled to provide data as robust as possible and to provide similar repeatability and reproducibility data. Statistical evaluations were made according to ISO 5725 recommendations and are included. As expected from previous work on other smoke components, the levels of reproducibility of carbonyl yields among laboratories are much greater than the levels found for "tar", nicotine and carbon monoxide and given in the equivalent ISO standards. When expressing the reproducibility (R) value as a percentage of the mean yield among-laboratories and across all of the studied products, values ranged from 67-125% for formaldehyde; from 24-55% for acetaldehyde; from 41-108% for acetone; from 45-73% for acrolein; 31-75% for propionaldehyde; from 63-140% for crotonaldehyde; from 62-90% for 2-butanone and from 42-58% for butyraldehyde. The lowest "tar" yielding product gave the most variable data. These levels are generally in line with those determined for selected volatiles. [ 
INTRODUCTION
This work followed on from the development of a CRM used to measure selected volatiles (1, 2) in cigarette mainstream smoke. Carbonyls have been measured by various methods as reported in the literature (3) (4) (5) (6) (7) (8) (9) . A review of currently used methodology during a previous CORESTA Special Analytes Sub-Group (SASG) study, carried out in 2006 (9) , indicated that the majority of laboratories were using a method involving the derivatisation of carbonyls with 2,4-dinitrophenylhydrazine (DNPH), separation of carbonyl hydrazones by reversed phase high performance liquid chromatography (HPLC) and detection by ultra violet (UV) or diode array (DAD). A reported study on direct collection in a glass syringe provided very similar smoke yields on reference cigarettes to those found by the DNPH method (8) . This paper outlines an initial joint experiment that was carried out by SASG members on the CORESTA Monitor Test Piece (CM6) and the 3R4F Kentucky reference cigarettes (10) . Several key parts of the methodology were investigated in detail to evaluate their effects on smoke yields and the learning exercise provided additional clarification and direction in discussions towards the planning of the recommended method. Further small experiments were carried out by individual SASG members on the effect of reaction conditions on the formation of isomeric hydrazone derivatives and the identification of both E-and Z -isomers of the acetaldehyde hydrazone as major peaks in the chromatogram from cigarette smoke. The work also describes details of a CORESTA collaborative study leading to a recommended method (11) for the determination of carbonyls in cigarette mainstream smoke. The statistical analysis of the yield data from 15 laboratories including repeatability and reproducibility data is presented. The report describes key components of the recommended method and provides additional notes to inform other laboratories about some of the main features that need to be well controlled to provide data as robust and consistent as the data presented herein.
EXPERIMENTAL

Participating laboratories
A summary of the fifteen participating laboratories and their principal investigators in the collaborative study is given below.
Joint experiment protocol
After conditioning (12) , test cigarettes (CM6 and 3R4F) were smoked on a smoking machine that had been fitted with impingers and adjusted to standardised conditions (13) . The unfiltered mainstream tobacco smoke was 'scrubbed' of volatile carbonyls by passing each puff through an impinger system containing a solution of 2,4-dinitrophenylhydrazine dissolved in acetonitrile. A mineral acid was also present to push the reaction towards full derivatisation. An aliquot of the reacted DNPH-smoke extract was diluted with 1% Trizma TM base in aqueous acetonitrile to terminate the reaction after a selected reaction time and then syringe-filtered. The samples were subjected to reverse phase HPLC and carbonyl hydrazones were detected and quantified by UV or DAD. In order to reduce the workload on each of the 17 participating laboratories, they were split as evenly as possible into four different groups (A-D) where each group maintained either (a) the same volume of trapping solution or (b) the same mineral acid for derivatisation according to the design shown in Table 1 . Each laboratory applied the required level of trapping volume and mineral acid type, then carried out the derivatisation. They completed the reaction on one replicate after 5 min and on another replicate after 30 min. This process was carried out three times to produce a total of three replicates for each reaction time on both the CM6 and 3R4F test samples.
Some studies on carbonyl derivatisation
Some experiments were carried out by single laboratories after discussions within the SASG.
• One laboratory carried out LC-MS/MS analysis to confirm that a major peak in the HPLC chromatogram of cigarette smoke, close to the acetaldehyde hydrazone was the corresponding stereo isomer.
• The influence of phosphoric acid on the formation of both of the acetaldehyde hydrazone isomers was investigated in another laboratory. The concentration of the acetaldehyde hydrazone, bought for the calibration solutions was maintained at the same level in a series of trials. In the first trial, both 2,4-DNPH and phosphoric acid were added. In another 3 trials, different dilutions of phosphoric acid were performed then made up with 5 mL of Trizma TM base to the same final volume (10 mL). The degree of isomerisation of the purchased acetaldehyde hydrazone to the corresponding stereo isomer was calculated in the different trials in accordance with the method for the regular preparation of calibration solutions and by applying the usual calibration curves and the usual chromatographic conditions.
Collaborative study protocol
The method was agreed upon by the SASG members based on the learning from the joint experiment, experiments from single laboratories and subsequent discussions. It was used for a collaborative study on 8 test cigarettes to provide robust repeatability and reproducibility data for the selected carbonyls (acetaldehyde, formaldehyde, acetone, acrolein, methyl ethyl ketone, crotonaldehyde, propionaldehyde and butyraldehyde) as determined in cigarette mainstream smoke that are included in the published method (11) . The test samples listed in Table 2 were used in both this and the previously described collaborative study on selected volatiles (2). Samples 1-5 were commercially available cigarettes provided by various manufacturers to represent a range of Nicotine Free Dry Particulate Matter (NFDPM) yields as determined by the ISO smoking regime and a range of blend and cigarette design styles to complement the 3 reference products (CM6, 1R5F and 3R4F). Laboratories smoked 5 replicates of the 8 test samples using a randomised design within 8 runs per experiment. 
RESULTS
Joint experiment
It is not the intention to report the full analyses from the joint experiment but to concentrate discussions on the collaborative study. A summary of carbonyl yield data from the joint experiment is given in Table 3 . Table 4 gives the recoveries of both isomers of the acetaldehyde hydrazone after allowing the isomerisation of the purchased hydrazone in the presence of different levels of phosphoric acid. This experiment was carried out in only one laboratory.
Hydrazone isomerisation and recovery experiments
Collaborative study data
Analytical yields of the selected carbonyls were obtained and mean yields are given in Tables 5.1 to 5.8 (calculated after exclusion of outliers as described later, for tables see pages 371-373). These need to be below the range of levels found in the analysed products to ensure that the method is fit for purpose. Each laboratory provided information on the limits of detection (LOD) and limits of quantification (LOQ), with the range summarised as maximum and minimum values (Table 6 ). There was no requirement that LOQs or LODs were measured in the same way at different laboratories and this is reflected in the wide range given.
It can be noted that there was no indication that the method of determining LODs or LOQs lead to lower or higher levels of outlier or excluded data. Excellent recovery rates were given by all laboratories for each of the carbonyls.
DATA ANALYSIS
Joint experiment
Three features of the methodology were identified for particular study within the initial joint experiment. These were the volume of the impinger solution (25 or 35 mL); the mineral acid used (perchloric or phosphoric) and the time of derivatisation (5 or 30 min). The results of the laboratory groups studying the various method parameters, as set out in the protocol, are not given individually herein because they were not statistically significantly different. The most extreme differences are set out in Table 7 . Statistically significant higher yields were only found for acetaldehyde, acetone, acrolein and propionaldehyde with the 25 mL rather than the 35 mL trapping solution volume. There was also some indication that the variation in replicate yields using the 25 mL trapping solution volume appeared to be greater than that of the replicates using the 35 mL volume. This was statistically significant for the 4 analytes given in Table 7 . A volume of 35 mL was used in the CRM (11) . Neither the choice of mineral acid (perchloric or phosphoric acid) nor the derivatisation completion time (5 versus 30 min) had any impact on the significance of this difference. The most extreme cases are given in Table 7 .
• The choice of mineral acid (phosphoric acid) for the CRM was therefore made on the basis of health and safety reasons.
• In some laboratory set-ups, 8-10 min is required to remove impingers from the smoking machine and add Trizma TM base, so a derivatisation time of 30 min would seem more practically relevant than 5 min and was included in the collaborative study and CRM. Any influence of smoking machine type on yield data was not studied in the initial joint experiment.
Smoke collection issues
Some important issues regarding impingers for smoke collection were observed during the joint experiment.
• The CRM notes point out that it is important that the impinger geometry should be such that 2 traps collect > 95% of carbonyls and that a coarse frit be recommended or an orifice setup be used. • For certain analytes (formaldehyde / acetone / propionaldehyde) and cigarette types of high yields (CM6) some laboratories found that a third impinger was necessary for > 95% trapping efficiency, particularly for laboratories that used impinger orifices rather than frits. • There can be potential problems of frit blocking during continual use and the frit size will impact on how often they need cleaning. Frits can be soaked overnight in acetonitrile even though they eventually have to be cleaned in a muffle furnace. The frit size also has an impact on the ease of puff draw and should be checked before use. These discussions led to some laboratories changing to orifice holes in the impinger system. • The trapping volume and impinger geometry are interdependent. When comparing 25 versus 35 mL impinger trapping volumes there is potential for pressure drop changes leading to differences in puff profiles and so careful adjustments to puff volumes may be required.
DNPH derivatisation issues
The CRM includes a recommendation for the DNPH recrystallisation procedure since different suppliers often provide DNPH with different water levels and laboratories can potentially use different solvents for re-crystallisation (e.g., ethanol and acetonitrile). A technical note describes how the laboratories determined whether any DNPH derivative was measured in the last of a series of traps. If none can be found then the trapping efficiency of the earlier traps is considered sufficient. As long as an excess of DNPH is used and un-reacted DNPH is detected in the chromatogram then a complete reaction is assumed. The acetaldehyde hydrazone has been reported to have a propensity to isomerise depending on its method of preparation (14) . When carbonyl calibration standards are prepared in acetonitrile only one isomer is present in the HPLC chromatogram (Figure 1 ). When standards are prepared in acetonitrile with mineral acid present then both stereo-isomers are observed in the chromatogram (not shown). Smoke samples prepared in a similar way give an acetaldehyde peak preceded by a minor peak. LC-MS/MS has been used to confirm the identity of the minor peak as being the stereo isomer of the acetaldehyde hydrazone. The HPLC chromatogram of the smoke profile is given in Figure 2 . Data from Table 4 show that the addition of phosphoric acid created a mixture of stereo isomers of the acetaldehyde hydrazone and this was confirmed by mass spectral identifications. The acid concentration plays a minor role in the conversion rate. The CRM includes both stereo isomers in the calculations for acetaldehyde to avoid an underestimation of smoke yields. The minor carbonyls may also form additional isomers but these are not easily separated from interfering components in the matrix. Relatively high recovery rates from data of one isomer for each of the other carbonyls except acetaldehyde were found in the region of 70-120% as shown in Table 6 . Such recoveries are acceptable according to EU guidelines in other testing for pesticide residues (15) and justify using yields from only the one isomer in the collaborative study and CRM.
Collaborative study
The learning from the joint and single laboratory experiments and SASG discussions were incorporated in the CRM. The collaborative study provided data from 15 laboratories to produce the means yields and repeatability / reproducibility data. 14 laboratories collected data for all studied products. Laboratory 1 provided data on the reference cigarettes (1R5F and 3R4F) and the CORESTA monitor cigarette (CM6). In total, 4600 data points were possible for the total of the 8 studied analytes.
Variability of standard smoke parameters
Puff count data were received from all participating laboratories and are summarised in Table 8 . The low puff count variability indicated good adherence to the ISO conditioning standard (12) by the participating laboratories. The highest variability in TPM yields was associated with the lowest yielding cigarette types i.e., 1R5F and Sample 4. Table 9 shows the effect of the two different smoking machine types used in the laboratories on selected carbonyl yields. Seven laboratories used "linear" and 8 used "rotary" smoking machines for smoke collection. Different kinds of rotary and linear smoking machines are available and most yield differences are not statistically significant. For acetone, acrolein and crotonaldehyde, the smoking machine was a statistically significant factor affecting the difference in mean analyte yield and in most cases rotary smoking machines appear to produce higher yields than linear smoking machines.
Statistical calculations were based on ISO guidelines (16, 17) and applied to determine estimates of repeatability (r) and reproducibility (R) of smoke yields where all of the participating laboratories used the same analytical method (11) . Data on all 8 samples was collected from 14 laboratories. One other laboratory supplied data on just the three reference cigarettes (CM6, 1R5F and 3R4F). In total, 575 data points were possible for each of the 8 studied analytes.
Determination of inter-laboratory repeatability and reproducibility variance
For each of the test samples the general mean was determined according to ISO 5725-2 section 7.4.4 (17) over the participating labs whose data remained following the removal of outliers. The outlier analysis methods are discussed in the following sections. Repeatability was determined according to ISO 5725-2 section 7.4.5.1 and reproducibility variance as per ISO 5725-2 section 7.4.5.5 (17).
Data below the limits of quantification
Some individual data points were reported as non-numeric (i.e., below the LOQ) and had to be removed prior to evaluation of numeric data for outliers.
• Data for crotonaldehyde was below the LOD for Sample 4 and 1R5F from Laboratory 7.
• Only 4 of the 5 replicates were above the LOD for crotonaldehyde for 1R5F from Laboratory 13. Thus, only 4589 data points in total across the 8 studied analytes were collected.
Excluded outlier data
All variance and mean outliers (1%) determined by Grubbs' and Cochrans' tests were excluded prior to determination of the repeatability (r) and reproducibility (R). A summary of outliers is given in Table 10 . After exclusion of the 232 outlier data points (5.1%) from the total of 4589 data points, the mean smoke yields obtained from each laboratory were summarised in Table  5 and the overall mean yields and levels of repeatability and reproducibility of the studied carbonyls across each of the cigarette types were summarised in Table 11 (see page  374 ). ISO 8243 (18) gives a practically relevant measurement tolerance with an expectation that declared yields of only 5% of brands tested would be outside of the limits (that is, the greater of ± 15% or, ± 1mg for NFDPM or, ± 0.1mg for nicotine). When expressing the 'R' value as a percentage of the mean across all of the studied products, values ranged from 67-125% for formaldehyde; from 24-55% for acetaldehyde; from 41-108% for acetone; from 45-73% for acrolein; from 63-140% for crotonaldehyde; from 31-75% for propionaldehyde; from 62-90% for 2-butanone and from 42-58% for butyraldehyde. The carbonyl yield reproducibility for the higher yielding products is worse than for NFDPM and nicotine which is in the range from 10-20% as given in ISO 8243. The lowest "tar" yielding product (Sample 4) gave the most variable data. For the higher NFDPM yielding products the levels of carbonyl variability were in line with those previously evaluated during work on CRMs for benzo[a]pyrene (19) and tobacco specific nitrosamines (20) .
CONCLUSIONS
The CORESTA SASG has developed a CRM that has optimised several components of the methodology that contribute to variability of test results. The relative levels of reproducibility among laboratories for the studied analytes are much greater than the levels found for "tar", nicotine and carbon monoxide given in ISO 4387 (21) . For the higher "tar" yielding products the levels of variability were in line with those previously evaluated during work on standard methods for benzo[a]pyrene and tobacco specific nitrosamines. The lowest "tar" yielding product (Sample 4) gave the most variable data. 
